Abstract. The energy spectra of secondary charged particles from 2.04 and 2.5 GeV electron-induced reactions were measured using a current time-of-flight technique at the Pohang accelerator Laboratory. A long flight path and the current time of flight method were adopted to measure the pulse height of each event that reached the detectors in a short period. Secondary proton and deuteron energy spectra were obtained at 90 degrees with respect to the electron incident angle. The results were compared with those calculated by the MCNPX-2.5e code.
INTRODUCTION
Recently, high-energy electron accelerators are indispensable tools for not only physics but also industry, biology, and medicine. In the near future, the beam energy and power will increase even more owing to the appearance of linear colliders, x-ray FEL, and energy-recovery linacs. Regarding the shielding design of such high-energy and power accelerators, the yield, energy, and angular-distribution data of the secondary particles are important in estimating the leakage dose and activations of devices, air, water, and soil. Secondary neutrons from photonuclear reactions play an especially large part in these effects.
From 1998 KEK, PAL, and a Kyoto University group have been conducting measurements of photoneutron energy spectra for various targets as a function of the target thickness and angle [1] [2] [3] . In the case of neutron measurements, there is serious photon contamination from bremsstrahlung in the sample and (n,xγ) reactions around the detector. On the other hand, data of other particles, i.e., protons, are also effective for the purpose of benchmarking a calculation code and evaluating reaction models. In this study, we measured the energy spectrum of secondary light charged particles from 2 and 2.5 GeV electron-induced reactions. In a charged-particle experiment, we could easy to distinguish it from neutrons or photons by using a coincidence method without any ambiguity and determine the species with adopting a ∆E-E method. For utilizing these methods, we measured the particle pulse height of two or more detectors. In the case of electron-induced reactions, it is difficult to measure the pulse height of each event, since intense bremsstrahlung photons and several particles entered the detector within a short time. Therefore, we adopt a long flight path and a current time-of-flight technique to measure the pulse height of each particle from the reaction.
EXPERIMENT Experimental Arrangement
Experiments were carried out around the beam dump at the end of the injector linac for the Pohang light source in POSTEC, Korea. Figure 1 shows the layout of the experiment. Electrons were accelerated up to 2.04 or 2.5 GeV with a 10-Hz repetition rate and bombarded a thin plate sample set at 45 degrees, inclined to the beam axis in order to decrease the energy loss when charged particles exited from the sample. The materials and thicknesses of the samples were C (6 mm), Al (4 mm) and Cu (1 mm). From the sample, secondary particles were emitted and detected at detectors placed at 90 degrees to the beam direction, 10.4 m from the sample. The detectors consisted of three scintilaters: 40 mmφ -2 mm thick NE102A, 38 mmφ -5 mm NE102A and 50.8 mmφ -40 mm Pilot-U as coincidence, ∆E and E. detectors, respectively. A three-coincidence method was adopted to reject non-charged particles, and a ∆E-E method was used to determine the particle species. The particle energy was determined by using the time-of-flight method. The electron beam current was measured by a beam-current monitor with 10% errors. 
Data Acquisition of the Current
Time-of-Flight Figure 2 shows typical detector signals from these three detectors. The horizontal axis corresponds to the time from the beam timing. The fastest signal corresponds to photons from bremsstrahlung simultaneously with electron-beam bombardment at the sample. Two successive events can be identified as charged particles, since these events make signals at two or three detectors. Under this condition, it is difficult to measure the pulse height and time-of-flight separately using standard electronics modules, such as the multi-hit-TDC used in photo-neutron experiments [1] .
Thus, we adopted a current time-of-flight method that records the waveforms from the detectors event by event. To record waveforms, a long-memory-type digital storage oscilloscope (LeCroy 584LT) was used with the segment mode, which can store and transfer tens of waveforms at the same time. The segment mode reduces the time due to waveform recording and transferring. The waveform recording was derived from the trigger of a beam current monitor. The waveform of three detectors consisted of 3-channel, 2000-point, 256-degree voltage data; one point corresponds to 0.5 ns. Under this condition, the transfer rate was over 8 Hz with 10-Hz beam repetition. Coincidence FIGURE 2. Typical raw waveforms from the detectors. The first event is a photon from bremsstrahlung; The second and third are charged particle. However third one did not produce a sufficient signal in the E detector.
Offline Waveform Analysis
For every waveform, an offline analysis was carried out according to the following procedure to determine the pulse height and time-of-flight of the coincidence event. Figure 3 shows a schematic diagram of the offline analysis. In the first step, the slope of each point was determined by ( ) . Here V i means the voltage data for the i th point; i_width was determined from the time width for taking the slope (2.5 ns in this study). Pulse analysis is called when the value of the slope is less than a certain threshold (-0.06 V/ns). A successive pulse that starts at the tail of previous one (3rd event in Fig. 3 ) can be distinguished by using the slope to detect the pulse start point. An arrival time of each pulse was determined by a constant-fraction method using ( ).
Frac and i_delay were determined as 0.3 and 3 ns in this study, respectively. We then integrated V i within the gate width to determine the pulse height. If the next pulse started within the gate width, the tail was fitted to an exponential function and extrapolated. The bottom part of Fig. 3 shows the subtracted results of the 2nd event tail for the 3rd event analysis. After this procedure, events of the coincidence and the ∆E detector were searched for every E detector signal to find any coincidence pair. These coincidence events were booked as the CERN Hbook for adopting a ∆E and E method. Figure 4 shows a scatter plot of the ∆E and E pulse height used to determine the species of the charged particles. Proton and deuteron events were observed separately. The particle selection was confirmed through the relationship between the pulse height and the time-of-flight. The particle energy was obtained using the time-of-flight method considering energy loss in the flight path. 
CALCULATION
The experimental results were compared to the calculated ones using the MCNPX-2.5e code, which is a multi-particle transport Monte Carlo code [4, 5] , to check the validity of their photonuclear reaction model. In this calculation, an approximation was carried out to obtain good statistics within a short time. Figure 5 shows a schematic view of the approximation. The sample was rotated about the azimuthal angle and the tally volume became a ring shape, whose inner diameter was 1 m, thickness 1 cm, and width 1 cm. The inside of the cone shape sample was set to the black hole to prevent events from the opposite side. 
RESULTS
Figures 6 to 8 show the experimental results along with calculations for protons, deuterons, and neutrons from 2.5-GeV electrons on C, Al, and Cu, respectively. The dip around 200-300 MeV in the proton spectrum is caused by the particle separation limit, since the detector thickness was not sufficient to stop such highenergy particles. At around 500 MeV, there is a separation limit from bremsstrahlung photons to short time-of-flight particles. The low-energy limit of this spectrum was determined by the energy loss between the sample and the E detector. In these figures, an agreement between the proton and the neutron result except for the low-energy region seems that proton data are useful to evaluate the neutron emission model. Concerning the proton spectrum, the calculations are in fair agreement with the experiment. On the other hand, it cannot reproduce the deuteron spectrum of the experiments. It seems that these high-energy deuterons were produced by different processes from those adopted by the code. 
